Suckling CD-1 and CFW mice and WI Wistar rats were inoculated intranasally with sialodacryoadenitis virus. In animals inoculated during the first week of life. there was an acute necrotizing encephalitis with malacia and minimal inflammatory cell response. In mice and rats which survived for up to 12 days post inoculation, loss of brain substance, gitter cells and occasionally mineralized debris were seen. Viral antigen was readily demonstrated in neurons and nasal epithelium in trypsin-treated, paraffin-embedded sections, and corresponded with the presence of lesions. There was no compelling evidence that sialodacryoadenitis virus invaded the central nervous system directly via the cribriform plate. and hematogenous spread was considered to be a likely route of spread to the brain. An age-related resistance to the encephalitic form was evident beginning at 10 days of age in both species. Thus it is conceivable that encephalitis could occur in young suckling rats exposed during naturally-occumng epizootics of sialodacryoadenitis.
Sialodacryoadenitis is a commonly-occurring disease in the laboratory rat.9 l o The causative agent. sialodacryoadenitis virus. is a coronavirus that is antigenically related to other coronaviridae, including the mouse hepatitis virus group. and Parker's rat coronavirus.'.1o Sialodacryoadenitis in the rat is characterized by clinical signs such as sniffling, photophobia. intermandibular swelling. and reduced fertility."'." Histological changes include sialadenitis of the submaxillary and parotid salivary glands, and dacryoadenitis of the Harderian and exorbital lacrimal glands. Subclinical infections may occur.h Recovery is usually complete by 3 weeks post exposure, and the virus appears to be completely eliminated during the convalescent period.& Sialodacryoadenitis virus infection has produced lesions in the respiratory tract in intranasally-inoculated weanling mice. ' Sialodacryoadenitis virus replicates in the central nervous system in neonatal mice following intracere-bra1 inoculation.' and this system is used for viral isolation and titration studies." Kojima et al. observed lesions in the brains of newborn suckling mice inoculated at 2 days either intracerebrally or intranasally with sialodacryoadenitis virus.13 The purpose of this study was as follows: (1) To characterize the lesions in the central nervous system of mice and rats following the intranasal inoculation with sialodacryoadenitis virus; (2) To do viral isolation studies and to determine the sites of replication of sialodacryoadenitis virus by immunofluorescence microscopy: and (3) To compare the age-related susceptibility/resistance to sialodacryoadenitis viral infection of the central nervous system in these species.
Materials and Methods
Pregnant female mice of the outbred Crl:CD-I (ICR) and Crl:CFW (SW) strains were obtained from a commercial colony from which mice were seronegative for known murine coronaviruses. Sendai virus. reovirus-3. and mouse encephalomyelitis virus. Pregnant Crl:(WI) Wistar rats were also obtained from this source (Charles River Canada, St. Constant. Quebec), from which rats were serologically negative for murine coronaviruses. Sendai virus. and .2f~~coplusma pitlnrowis. Testing procedures used by the supplier to detect antibody against coronaviruses were the complement fixation test and the enzyme linked immunoabsorbent assay. Mice and rats in advanced pregnancy were shipped in filtered boxes. On arrival. they were placed in individual polycarbonate cages and were housed in an isolation unit at 20-22 C. and provided a commercial ration (Purina Rodent Laboratory Chow, St. Louis. MO) and water ad libitum.
The original virus stock (#68 I ) was characterized as previously described.' For the source of stock virus. suckling mice were inoculated intracerebrally at 3 days of age with the original virus, then killed when in a moribund state at 4-5 days post inoculation. Brains from these animals were collected and homogenized. then a 5% suspension W/V was prepared in maintenance medium for intranasal inoculation trials. Mice and rats were inoculated with approximately 0.0 1 and 0.02 ml respectively of suspension delivered from a 1 ml syringe and 25 gauge hypodermic needle and applied to the external nares. Each mouse inoculated received approx-imately 1.1 x 30' median lethal doses of virus (titrated by intracerebral inoculation of 3-day-old suckling mice). Rats received approximately 3.8 x 10' median lethal doses of virus. Mice were inoculated at 3. 7 . 10 or 14 days of age and rats were inoculated at 3. 7 or 10 days. Representative animals were killed at 4. 8. 12. I6 or 20 days post inoculation for light and immunofluorescent microscopy, virology. and serology. At least two animals per litter served as non-inoculated controls. Mice and rats which exhibited obvious nervous signs were killed, and tissues were collected for examination. Virus-inoculated and non-inoculated control mice were killed by the intraperitoneal administration of pentobarbitone sodium (Somnotol. MTC Pharmaceuticals, Hamilton. Ontario). Tissues collected for light and immunofluorescent microscopy included brain and cribriform plate. and, in selected cases. cervical spinal cord. These tissues were fixed in either 10% buffered formalin or Bouin's fluid. The calvarium was removed and brains were collected for histopathology or virology. The base of the skull and turbinates were split longitudinally prior to fixation. For thick sections. the brain was halved by sagittal section. then slices were placed in 3% chilled glutaraldehyde. Tissues were minced in glutaraldehyde prior to further processing. Nasal passages and the cribriform plate were decalcified in ethylenediamine tetraacetic acid prior to processing for light or electron microscopy.
Turbinates, cribriform plate, sagittal and transverse sections of brain, including olfactory bulb. were embedded in paraffin. sectioned at 6 pm. and stained with HE for light microscopy. Tissue sections for light microscopy were graded according to the distribution and intensity of lesions in the olfactory bulbs, cerebrum and metencephalon. Lesions were graded as minimal (+). moderate (+ +). and marked (+ + +).
Tissues selected for I pm sections included representative specimens from cribriform plate, olfactory bulb, and the parietal lobe of the cerebrum. Minced tissues were dehydrated. and embedded in Spurr's medium. Thick sections were cut using glass knives, and stained with toluidine blue.
The indirect technique was used for immunofluorescence microscopy. Antiserum was prepared against sialodacryoadenitis virus in specific pathogen-free adult Crl:CD-I mice (Charles River Canada, St. Constant. Quebec) by the repeated intraperitoneal inoculation of virus and complete Freund's adjuvant as previously described.lJ Trypsin-treated, paraffinembedded tissue sections were used for the immunofluorescent microscopy test. Sections were affixed to the glass slides using a commercial glue (Bond Fast. LaPage's Ltd., Bramalea, Ontario). Sections were deparaffinized. treated with 0.25% trypsin, and stained as previously described.4 using a commercial fluorescein-labelled conjugate (Antibodies Incorporated, Davis, CA). Tissues from non-inoculated control animals were processed and stained for immunofluorescent microscopy with each series examined. Slides were examined, using a Leitz microscope with an ultraviolet light source.
In selected cases, blood was collected from animals under pentobarbitone anesthesia by cardiac puncture. Serum was tested for antibody to sialodacryoadenitis virus by the standard complement fixation test.
Selected brains from virus-inoculated and control animals were collected at necropsy and stored in sterile vials at -70 C until tested. Samplers were homogenized in maintenance medium as a 10% suspension W/V and tested for virus by the intranasal inoculation of CFW mice at 3 days of age.
Results CFW and CD-1 mice, particularly those inoculated at 3 or 7 days ofage. frequently exhibited nervous signs beginning at 4 to 7 days post inoculation. Incoordination, ataxia. depression and terminal convulsions were observed. Animals were killed at this stage. On the other hand, fatalities seldom occurred in mice following intranasal inoculation at 10 days of age. Neurologic signs were not observed in mice inoculated at 14 days of age. Non-inoculated control animals remained clinically normal throughout the study. In 3-day-old WI Wistar rats inoculated intranasally with sialodacryoadenitis virus, neurologic signs were observed beginning at 4 days of age and were evident in most animals killed for routine examination at 8 days post inoculation. However, in animals observed for a longer period, spontaneous deaths occurred in only three animals at 10 or 1 1 days post inoculation. Similarly, in suckling rats inoculated at 7 days, all six animals selected for necropsy at 8 days post inoculation exhibited nervous signs. Two inoculated animals in this group died 1 day prior to their scheduled necropsy date of 12 days post inoculation. On the other hand, in Wistar rats inoculated at 10 days. only one animal (killed at 4 days post inoculation) exhibited any clinical evidence of neurologic disease.
In a small percentage of mice and rats examined, there was a focal to segmental rhinitis, with mononuclear and polymorphonuclear cell infiltration (Tables 1, 2). On the other hand, lesions were present in the central nervous system of most CFW and CD-1 mice inoculated intranasally with virus at 3 days of age (Table 1) . Similarly, in Wistar rats inoculated at 3 days, destructive lesions were observed in over 50% of those killed at 4 days post inoculation, and in all animals examined microscopically at 8 to 12 days post inoculation (Table 2 ). In mice inoculated at 7 days of age. lesions were present in most animals examined at 5 or 8 days post inoculation, but the incidence of lesions was reduced in CD-1 and CFW mice examined at 10 or more days post inoculation (Table 1) . On the other hand, lesions were seen in most Wistar rats inoculated at 7 days and examined at 8 or more days post inoculation (Table 2 ). In mice inoculated at 10 days, lesions were present in the central nervous system in approximately 50% of those killed at 8 days post inoculation and in some mice examined at later times. Changes were rare in mice inoculated at 14 days of age (Table 1 ). In Wistar rats inoculated intranasally with * PI = post inoculation. sialodacryoadenitis virus at 10 days ofage. lesions were present in only 39% of those examined microscopically (Table 2 ). In mice and rats with detectable lesions. pathologic changes were observed most frequently in the cortical regions of the frontal. parietal. occipital and temporal lobes, diencephalon and hippocampal regions. Lesions were observed in some cases in the olfactory bulbs and mesencephalon, but seldom in the region of the metencephalon. Lesions were rarely present in the olfactory bulbs in animals examined at 4 days (Tables 1, 2). Circumscribed foci of destruction were occasionally observed in the cervical region of the spinal cord. In general, in those mice and rats inoculated at 3 . 7 or 10 days of age which had detectable changes at necropsy, there was a focal to segmental destructive encephalitis, characterized by pyknosis of neurons and astroglial cells, vacuolation of the neuropil. and reduced staining intensity in affected areas. These changes were particularly striking in animals examined at 4 days (Figs. 1, 2) . These damaged areas were most frequently observed in the cerebral cortex, but occasionally similar lesions were present in the olfactory bulbs (Fig. 3) . In mice and rats inoculated at 3 or 7 days and examined at 8 or more days post inoculation, lesions frequently involved relatively large segments of the cerebral cortex, with a relatively distinct line of demarcation between damaged and relatively normal areas. There was loss of architecture, hypertrophy and hyperplasia of endothelial cells lining vessels. astrogliosis. and frequently large numbers of gitter cells were present in these malacic areas (Figs. 4,5) . Mononuclear cell infiltration in the leptomeninges was an inconsistent finding. In animals with areas of cerebral cortical malacia that survived, areas of distortion and collapse of brain substances were occasionally present (Fig.  5) . In those animals inoculated at 10 or 14 days of age which had detectable lesions at necropsy. the inflammatory response was more evident than in animals inoculated at an earlier age. Nonsuppurative focal to segmental leptomeningitis, and perivascular cuffing with mononuclear cells were seen. In a few animals of this age which survived, there were residual areas of destruction containing reactive glial cells and mineralized debris (Fig. 6 ) .
Viral antigen was demonstrated in respiratory epithelial cells of turbinates in selected animals examined at 4 days post inoculation (Fig. 7) . In CFW and CD-1 mice and WI Wistar rats inoculated at 3 or 7 days of age and examined at 4 to 7 days post inoculation, fluorescent areas in the brain and spinal cord corresponded in distribution and intensity to the lesions seen in companion sections by light microscopy. In these areas, viral antigen was concentrated in the cytoplasm of pyramidal cell neurons, with extension into axonal and dendritic processes (Figs. 8, 9 ). Intracytoplasmic fluorescence involving neurons was also evident in animals examined at 8 days post inoculation. Fluorescent cells were seen in the olfactory bulbs in some animals. However, usually relatively few cells were involved compared to other positive areas in the cerebrum. In isolated cases, viral antigen was demonstrated in neurons within grey matter of the spinal cord, and in retinal ganglion cells. The non-inoculated control animals examined were consistently negative by immunofluorescent microscopy.
In selected mice and rats which survived and which were tested for complement fixing antibodies to sialodacryoadenitis virus, antibody titers ranged from 0 to 1 : 32 at 20 days post inoculation. In both mice and rats, all non-inoculated control littermates tested were serologically negative at this stage.
In selected samples of brain from mice inoculated at 3 days of age and titrated at 4 days post inoculation, titers ranged from approximately 1.5-2.0 x 10' median lethal intranasal doses/g of central nervous system tissue. At 6 days post inoculation. sialodacryoadenitis virus titers ranged from approximately 1 .O-4.0 x 10' median lethal intranasal doses/g; at 8 days post inoculation, approximately 1.0 x 10' median lethal intranasal doses/g. In mice inoculated at 7 days. samples titrated at 4 days post inoculation ranged from 1.5-2.0 x 10' median lethal intranasal doses/g, and at 5 days post inoculation, approximately 1.25-1.5 x 10' median lethal intranasal dosedg. In mice inoculated at 10 days and titrated at 4-8 days post inoculation, titers ranged from <0.5-1.0 x 10' median lethal intranasal doses/g. In rats inoculated at 3 or 7 days and tested at 4 days post inoculation, titers were approximately 0.5 x 10' median lethal intranasal doses/g and in rats inoculated at 3 or 7 days and tested at 8 days post inoculation, titers ranged from approximately 1 .O-4.0 x 10' median lethal intranasal doses/g of brain tissue.
Discussion
There has been considerable interest in the role of coronavirus in naturally-occurring and experimental viral encephalitides. The JHM strain of mouse hepatitis virus may produce a demyelinating encephalomyelitis in intracerebrally-inoculated mice and rats.'"'" Strains of mouse hepatitis virus such as MHV-3 and MHV-S may produce encephalitis in inoculated days post inoculation. Lesions were not present histologically in HE-stained sections, but viral antigen was demonstrated in neurons in frozen sections of the cerebral cortex examined by immunofluorescent microscopy.'" The distribution of lesions and viral antigen in our sialodacryoadenitis virus-inoculated mice and rats were similar to those described in ddY mice inoculated at 2 days." The Purkinje cell involvement seen in OC43 coronavirus-inoculated mice16 was not in the sialodacryoadenitis virus-inoculated mice and rats examined in our study. Malacia with inflammatory cell infiltration and gitter cell formation were most evident in affected animals examined at 8 or more days post inoculation. Cerebral cavitation with inflammatory response has been observed in suckling Wistar rats which survived for 10 or more days following intracerebral inoculation with the HNT strain of measles virus. l' The age-related resistance to sialodacryoadenitis virus-induced encephalitis observed in Crl:CD-1 and Crl: CFW mice and in Crl:(WI) Wistar rats beginning at 10 days of age has been observed in other studies. CD-1 mice were resistant to the intracerebral inoculation of the OC43 strain of human coronavirus by 15 days and to intraperitoneal inoculation by 10 days. l 6 Similarly, most strains of rats tested were resistant to the intracerebral inoculation of the JHM strain of mouse hepatitis virus by 10 days of age. I') ?o A variety of hypotheses have been proposed to explain the age-related resistance seen in some viral infections including immunocompetence, particularly cellular immunity involving T cells."' In OC43 virus-inoculated suckling mice, interferon did not appear to be involved in the age-related resistance seen in mice at 20 days. Immunosuppression with cyclophosphamide rendered 15day-old CD-1 mice more susceptible to infection with OC43, but adult mice so treated retained their resistance to the virus. Pearson and Mims concluded that the immune system is only partially responsible for the development of resistance to this viral infection. They suggested that the age-related resistance of mice to the OC43 coronavirus likely depends on changes in the ability of neurons to support viral replication, possibly because of the absence of virus receptors.I6
The pathogenesis of viral encephalitides has been a subject for study for decades. Pathways of invasion of the central nervous system include the neurogenous, olfactory, and the hematogenous route. I ' Monath et al. studied the mode of entry of St. Louis encephalitis virus into the central nervous system of hamsters and mice following intraperitoneal inoculation. They observed a low level viremia followed by infection of the highly susceptible cells of the olfactory neuroepithelium. They concluded that virus then invaded the olfactory bulb by axonal transport from olfactory neuroepithelium and thence is readily spread throughout the neuropil of the brain.I5 Murine coronaviruses such as the MHV-S and the JHM strains of mouse hepatitis virus have been shown to readily replicate in the nasal epithelium and olfactory areas of the brain in susceptible
In addition to the demonstration of viral antigen in nasal epithelium in our study, sialodacryoadenitis viral antigen has been observed in nasal mucosa in intranasally-inoculated weanling mice' and in young rats9 Similarly, Kojima et al. observed viral antigen in the nasal epithelium and lung in suckling mice inoculated intranasally with sialodacryoadenitis virus. However, lesions and viral antigen were usually detected in the olfactory bulbs only at a later stage of infection following intranasal inoculation.I3 We observed a similar pattern in our studies. Furthermore, the distribution of lesions and viral antigen in the central nervous system was similar, whether mice were inoculated by the intracerebral or intranasal route. Ko- Fig. 7 . Section of nasal turbinates from Wistar rat 3WV4N. inoculated intranasally at 3 days and examined at 4 days post inoculation. There is marked cytoplasmic fluorescence in many respiratory epithelial cells. Cilia are evident on the apices of some cells. Immunofluorescence microscopy. jima et al. concluded that the olfactory pathway probably does not represent an important route of invasion of the central nervous system by sialodacryoadenitis virus." The distribution of lesions in the brain and spinal cord are compatible with hematogenous spread to the central nervous system. Many investigators still consider hematogenous spread to be the most important route of invasion in viral encepha1itides.l' In our studies, it is likely that viral replication in the nasal epithelium preceded invasion of the brain. The route of inoculation of sialodacryoadenitis virus appears to be particularly critical in rats. Unlike the intranasal route of inoculation, we had difficulty producing encephalitis in young suckling Wistar rats inoculated intracerebrally with sialodacryoadenitis virus (D. H. Percy, unpublished data). Based on this finding and the distribution of lesions in the brain. the initial replication of sialodacryoadenitis virus in the nasal mucosa may be an important step which precedes a subsequent viremia and invasion of the central nervous system in c There is a destructive encephalitis involving the deep bipolar neurons of the olfactory region. The large olfactory neurons are essentially normal at this magnification. HE. Bar = 50 pm. Fig. 4 . Epon-embedded section of frontal cortex from rat 3WV8-3 inoculated at 3 days and killed at 8 days post inoculation with sialodacryoadenitis virus. Note the mononuclear cell infiltrate in the leptomeninges and perivascular regions. Macrophages within the brain substance contain aggregations of particulate material with prominent cytoplasmic vacuoles. Toluidine blue. Bar = 10 pm. Fig. 5 . Section of superficial frontal cortex from Wistar rat 7WV 12-3 inoculated intranasally with sialodacryoadenitis virus at 7 days and killed in extremis at 12 days post inoculation. There is extensive liquefaction necrosis with cavitation. Large numbers of macrophages, including gitter cells, are present in the malacic area. Toluidine blue. Fig. 6 . Hippocampal region from mouse IOCD-I. V20 B. inoculated with SDAV at 10 days and killed at 20 days post inoculation. There is marked hypercellularity with mineralization of cellular debris. Fig. 8 . Paraffin-embedded, trypsin-treated section from junction of frontal cortex and olfactory bulb of rat 3WV4-NBF killed at 4 days post inoculation ofsialodacryoadenitis. There is selective staining of the neuronal perikaryon and cytoplasmic processes. Immunofluorescence microscopy. Fig. 9 . Occipital cortex region from rat 3WV4-NBF. Note the selective staining of the neuronal cytoplasm, including axonal and dendritic processes, with sparing of glial cells. Immunofluorescence microscopy. this species. Of interest are the similarities in the distribution of lesions in mice inoculated either by the intracerebral or intraperitoneal route of inoculation with OC43 virus.16 It has been shown that up to 90% of the inoculum administered by the intracerebral route to mice may actually spill over into the systemic circul a t i~n .~ Thus it is conceivable that the intracerebral route of viral inoculation may result in invasion of the central nervous system by both local instillation and hematogenous spread. Following invasion, the specific method of viral spread has not been resolved. Proposed routes have included a stepwise spread through the neuropil, axonal transport and dissemination in the cerebrospinal fluid. I 1.13.15. 18 Of particular concern in this study were the lesions in suckling rats following intranasal inoculation with sialodacryoadenitis virus. To our knowledge, there have been no recognized cases of viral encephalitis in suckling rats occumng during epizootics of sialodacryoadenitis. However, the possibility that sialodacryoadenitis virus can produce encephalitis in suckling rats exposed during epizootics of the disease warrants further study.
